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accelerator, atmospheric,
reactor and solar experiments

... and some lessons learned
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- History of Neutrino Physics
- how did we learn what we know today?

- from saving energy conservation to discovering physics
beyond the Standard Model

« Historical Lessons
- how did we make the discoveries?

 Future Efforts
- from discoveries to precision studies,
picking the best tools at hand

- where will neutrino physics go in the future?
- neutrinos in particle/astrophysics?



A disclaimer

History of neutrino physics in ~1 hr?

| will be selective. Apologies to all experiments and
results | cannot show.

| will draw heavily on my own personal experience
(SNO, KamLAND, reactor neutrinos, Ov(( )
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Continous Beta-Decay Spectrum

1914 Chadwick

3 N— N’ +e some nuclei
emit electrons!
A
N
l —
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V/ (electron volts)

F1G. 5. Energy distribution curve of the beta-rays.

Bohr: “At the present stage of atomic theory, however, we may
say that we have no argument, either empirical or theoretical,
for upholding the energy principle in the case of 3-ray
disintegrations”,

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Postulate of the Neutrino .
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o Segré Vis

Pauli proposed that an undetectable particle shared the energy of beta
decay with the emitted electron.

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



‘I have done something very bad today by proposing a
particle that cannot be detected; it is something that no
theorist should ever do.”

- Wolfgang Pauli

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Neutron Beta Decay

Fermi’s Theory of Beta Decay ,, A

ANNO IV - VOL. I - N. 12 QUINDICINALE 3 DICEMBRE 1633 . X1 eutron Electron
1933 : N
LA RICERCA SCIENTIFICA Freten

ED 1L PROGAESSO TECNICO NELL' ECONOMIA NAZIONALE

n
Tentativo di una teoria dell’ emissione
dei raggi “beta”
Kot dol grof, ENRICO FERMI CreaZione “‘s“‘
s e o S raosest 08 Foqal  dlie souamse eukigeivs fombus s Ay
T quatie d ee che BEsompSE s fvamtes 3 e Comira e
teoTin con Vesperienza }
Tempo
. . _ 2
Enrico Fermi Expenment: Mnc =F + E
) . p e
Univ. of Chicago
2
Fermi’s Theory of beta decay Conjecture: ~ M,c" = £, +E +E,
based on Pauli’s Letter of
Regrets Consistency requires that E_ is not observable!

<arsten Heoger, Univoiwis I-€rmi’s theory still stands (parity violation added in the 50s).



Fermi’s Idea for Measuring m,
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Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Weak Interactions in the Standard Model

The weak gauge bosons W= act on Ieft-handed doublets

(charged-current interaction)
>ﬂﬂﬂm\ﬂf\f<

plO[Oll
p-decay

u ci u

>>>> v

udd

neuuon

Since m,=80.4 GeV >>m_ decay is governed by Fermi coupling G

Fermi coupling G _ 822 g,= W gauge coupling
2 8m,,’
e .
Weinberg angle — =sin6,, =0.48
8>




Crossing Symmetry

Basic Current-Current Interaction

— Lepton current
(electron/neutrino)

Nucleon current
P (neutron/proton)

Neutron Beta Decay

P _
g
Initial - GF/)/ _ Final G
state » € state Initial £
state

n—>p+¢e + V € +p—=>n+V

Electron Capture

Inverse Beta Decay

Vv et
Initial G Final
state state

p n

V+p —=>n+et

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



First Proposal For Direct Detection of Neutrino

\ Nuclear
explosive
\ Fireball
| -
\

= Buried signal line
30 m for triggering release

| |

Back fill— Vacuum
pump
Suspended
detector Vacuum
line
Vacuum —
tank

Feathers and
foam rubber

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



First Antineutrino Detector

Reines and Cowan 1956
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Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Enrico Fermi and the Neutrino

THE UNIVERSITY OF CHICAGO
CEICAGO 37 - ILLINOIS

INSTITUTE POR NUCLBAR STUDIBS

October &, 1952

Dr. Fred Reines

Los Alasos Scientific La“oratory
P.0. Box 1663

Los Alazos, llew Lexico

Dear Fred:

Thank you for your letter of October Lth by Clyde Cowan and
yourself. T was very cuch interested in your new plan for

Enrico Fermi proposes "neutrino” the detection of the reutrino. Certainly your new method

o should be zuch_simdler to carry out and have the great ad-

as the name for Pauli's postulated vantage that the measuremont can be repeated any mu=ber of
. tines. I shall be very interested in seeing how your 10 cudic
partIC|e. foot scintillation counter is going to work, but I do not inow

of any reason why it should not.

. . Good luck.
He formulates a quantitative
theory of weak particle SpTey Yo,
interactions in which the neutrino
plays an integral part. e

Karsten Heeger, Univ. of Wisconsin NUSS, J v




Reines-Cowan Announcement

1956
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Observation of the Free Antineutrino

1959 The Savannah River Detector - A new design

Second version of
Reines’ experiment
worked!

positron annihilation

(@) T=0 Positron annihilation produces electron signal.
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(o) T=3us Neutron capture produces neutron signal.
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Reines-Cowan Experiment

coincidence event signature event signal

Incident
antineutrino

|
/ \?Gamma rays .
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Gamma rays \ \
a n ) \

Neulrom scope

)
\J
7 Neutron capture
[
Inverse / -
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Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Early Neutrino Oscillation Searches

New neutrino physics such as oscillations?
In 1960’s Pontecorvo contemplates v - v oscillation and suggests

that if lepton number is not conserved v, could change into v,.

E/\/%o T hwies opl

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Early Neutrino Oscillation Searches

New neutrino physics such as oscillations?
In 1960’s Pontecorvo contemplates v - v oscillation and suggests

that if lepton number is not conserved v, could change into v,.
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Early Neutrino Oscillation Searches

New neutrino physics such as oscillations?
In 1960’s Pontecorvo contemplates v - v oscillation and suggests

that if lepton number is not conserved v, could change into YV,
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Neutrino Oscillation Search with Reactor Antineutrinos

Oscillation Searches at Chooz + Palo Verde: v, — v,

Distance: 1km/ .

I EEEEENEEEER)

e T I

Absolute measurement with 1 detector
detector size: several tons

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Neutrino Oscillation Search with Reactor Antineutrinos

Oscillation Searches at Chooz + Palo Verde: v, — v,

B 300 _ +++ ¢’ energy
250 — + ++ ® Reactor ON
200 | _+_ + + © Reactor OFF
al t Ve+p—etr+n
+
. 100 _+_
Distance: 1km . ~3000 eventsin | +++ +
/ 335 days + et e oo 19T éﬁo
2.7% uncertainty R R
; o i ¢ energy
AN Task R=1.01 2.8% (stat)
w o ,,._543;_" S 1 :——- %%{1}:# _._% -
078 = -01_0_1
Absolute measurement with 1 detector 0s - |
detector size: several tons 03 Ref: hepex/0301017
Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 200¢  —— r 6 : \li\l'l_l



Discovery of Muon Neutrino
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proton 4 ‘
beam target proton accelerator I —
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pl-mesgn steel shield
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concrete

u produce nice tracks as they go througr\{ the
chamber (29 events)

e produce showers as they cross Al (0 events)



HADRONS

Number of Active Neutrinos

Precision studies of Z-line shape, determine
number of active light neutrinos

o (nb)

Each separate (v,), adds to total Z-width.

= [inv FZ
230 — -—,ll ]\E/ = (: :)
1 e \I'v/gm

|
88 89 90 N 92 93 94 95
ENERGY (GeV)

From LEP, one finds:
N =2.984 +0.008

which argues strongly for only having 3 generations

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Number of Active Neutrinos

Precision studies of Z-line shape, determine

number of active light neutrinos

Each separate (v,), adds to total Z-width.

0 _s 47 7 ]\f —
Z qq,ll v T,

From LEP, one finds:
N =2.984 +0.008

which argues strongly for only having 3 generations qete
W3S

_ Tinv (T
L'y

o (nb)

) SM

HADRONS

|
89 90 N 92 93 94 95 96

getor® V-

Karsten Heeger, Univ. of Wisconsin

NUSS, July 10, 2009



HADRONS

Number of Active Neutrinos

Precision studies of Z-line shape, determine
number of active light neutrinos

o (nb)

Each separate (v,), adds to total Z-width.

= [inv FZ
Z() — —, ll Nl/ = ( )
1 e \I'v/gm

|
88 89 90 N 92 93 94 95 96

From LEP, one finds:
N =2.984 +0.008

which argues strongly for only having 3 generations qete
W3S

getor® V-

Big bang nucleosynthesis gives a constraint on the effective number of light

neutrinos at T~ 1 MeV:
1.2<N Veff <3.3 [99% CL]

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009
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Number of Active Neutrinos
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Search for tau Neutrino

Discovery of T lepton at SLAC (Martin Pearl, 1975)
— there should be a corresponding neutrino.

In 1989, indirect evidence for the existence of v_in measurement of Z-width
— no one had directly observed the tau neutrino.

The tau neutrino interact and form a tau that has an 18% probability
of decaying to

- a muon and two neutrinos (long event)

- an electron and two neutrinos (short event)

86% of all tau decays involve -—- _%_,. ‘gf;;;:g gB ¥
only 1 charged patrticle (a kink) muon — long event
which is the particle physicists o _é v, CC — 18% BF
are looking for in DONUT = O
experiment st

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Discovery of tau Neutrino

2000

An 800 GeV beam of protons from the
TeVatron collides with a block of
tungsten

Neutrino

Magnets
beam

Tau Shielding
neutrinos
and other

particles !

Tungsten
bloc

Beam of
high-energy
protons

detector

\ S . |

| Remove all particles but neutrinos

D, decay into T and v_ neutrino
Di—=V_+T

S

‘C%VI+X

To DONUT

Experimental Challenges:
- Very short lifetime of the .

- v_is extremely non-interacting

(detector must have a very fine resolution).

Detecting a T Neutrino

6,000,000 candidate events on tape

4 clean tau events



EXP.:DONUT
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Neutral Current Discovery (1973)

V“\/p Gargamelle bubble chamber at CERN 8"
W showing how an invisible neutrino has

jogged an electron

Major triumph for the
Standard Model

v .'n\
4 ’ ™ '. 3
“ ) ) ’ ) -t

Table 1

v-exposure v-exposure
No. of neutral-current candidates 102 64
No. of charged-current candidates 428 148



“Standard Model” Neutrino Physics

1914
1930

1933

1956
1962

1973
1983
1989

2002

Electron Spectrum in 3 decay is continuous

Pauli postulates that a new particle is emitted

Fermi names the new particle neutrino and
introduces four-fermion interaction

Reines and Cowan discover the neutrino

At least two neutrinos: v, = v,

Discovery of neutral currents at CERN
Discovery of the W and Z
Measurement of Z width at CERN — N =3

tau neutrino discovered.




Neutrinos in the Standard Model

Discovery of v, and v

Accelerator studies of v quarks

35[0 HADRONS

88 819 9|0 9|1 9|2 9|3 914 Sls 96 Lepto

ENERGY (GeV)

The Standard Model

* 3v flavors
* upper limits on m, from kinematic studies.

* massless v (ad hoc assumption in Standard Model)

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Particle Properties of the Neutrino

Interactions weak
(and gravitational) only

Flavors 3 active flavors
Charge
Spin s=1/2
Type
Dirac VEYV
Majorana v=v !
Mass

m, . <2 eV from tritium  decay
m,, <170 keV from = decay
m,. < 18 MeV from t decay

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Birth of Neutrino Astrophysics

1938 Bethe & Critchfield
p+p — 2H+et+v,

1947 Pontecorvo,1949 Alvarez
propose neutrino detection through
37Cl + v, — S7Ar + e

1960’s Ray Davis builds chlorine detector.
John Bahcall, generates first solar
model calculations and v flux
predictions.

Light Element Fusion Reactions

p+p—2H+er+v,

99.75% I

p+e+p—=>2H+v,

| 0.25%

v

2H+p —3He +y

85% v ~15% | ~105%

SHe + 3He —“He + 2p

SHe + p —*He + e+ +v,

v

SHe + “He —7Be + vy

15.07 ‘

(o)
Be + e —7Li + Y +Ve

Li+p—a+a

0.02%

L

Be+p —=8B +v

8B — 8Be* +e*+ v,

“..to see into the interior of a star and thus verify directly the hypothesis of
nuclear energy generation in stars...” (Bahcall, 1964)

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009
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What is the Solution?

Experimental Errors?
But all experiments show similar effect.

Astrophysics wrong?
Perhaps, but even with all fluxes as free parameters, cannot
reproduce the data. Pygy<1.7% at95% CL

KMH, Robertson PRL 77:3270 (1996)

New neutrino physics such as oscillations?
In 1968 Pontecorvo suggests that if lepton number
IS not conserved, v, could change into V-

Since the Cl-Ar detector was sensitive only to v, it would
appear that the flux was low.

/;}v%o mau:exw,_msconsin NUSS, July 10, 2009



The Sudbury Neutrino Observatory

y |

BorRKcLcy LAan



The Solar Neutrino Problem and Its Resolution

Too few v, observed from the Sun.

Even with all solar neutrino fluxes as free parameters,

cannot reproduce the data. P, < 1.7% at 95% CL
KMH, Robertson PRL 77:3270 (1996)

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



The Solar Neutrino Problem and Its Resolution

Too few v, observed from the Sun.

Even with all solar neutrino fluxes as free parameters,
cannot reproduce the data. P, < 1.7% at 95% CL

KMH, Robertson PRL 77:3270 (1 0o _
Neutral Elastic Charged
Current (NC) Scattering (ES)  Current (CC)
2.0
2002 1 CCshape __.._.. Results from SNO, 2002
| constrained
1.5 l
Neutrino Signal 1 _____ "E __+ ________ . Y VI P ——
(SSM/BP00) ]
) 530
0.5 O
| o e
CC shape
- unconstrained
0.0 -
Vet vV, +V. v +0.15 (VM+VT) Ve
Total Neutrino flux Electron Neutrino flux

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



The Solar Neutrino Problem and Its Resolution

Too few v, observed from the Sun.

Even with all solar neutrino fluxes as free parameters,

cannot reproduce the data. P, < 1.7% at 95% CL

KMH, Robertson PRL 77:3270 (100&) .
Neutral Elastic Charged

Current (NC) Scattering (ES)  Current (CC)
2.0
2002 1 CCshape _ . _ . Results from SNO, 2002
1 constrained
1.5 — l
Neutrino Signal 1 ____ "E __________ .. SSM t--mmmmmmm e
(SSM/BP00) ] +
] 530
0.5 O
] o e
CC shape
- unconstrained
0.0 -
Vet VitVe v+ 0.15 (v, +v)) Ve

2/3 of initial solar v, are observed at SNO tobe v

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



The Solar Neutrino Problem and Its Resolution

Too few v, observed from the Sun.

Even with all solar neutrino fluxes as free parameters,

cannot reproduce the data. P, < 1.7% at 95% CL

KMH, Robertson PRL 77:3270 (*0o& |
Neutral Elastic Charged

Current (NC) Scattering (ES)  Current (CC)
2.0 7
2002 1 CCshape _ ... _ . Results from SNO, 2002
1 constrained
154 l
Neutrino Signal 1 _____ "E _____________________ SSM t--mmmmmmm e
(SSM/BP00) ] +
] 530
0.5 O
] o e
CC shape
. unconstrained
0.0
Vet VitVe v+ 0.15 (v, +v)) Ve

2/3 of initial solar v, are observed at SNO tobe v

Karsten Heeger, Univ. of wiscon MlOdel-independent evidence for solar neutrino flavor change



Neutrino Oscillation

Creazionef
Neutrino States

A
Mass States Weak States
First . Second First . ~ Second

Vl . - !

= cosf|vy) — sinf|vy)

(Ve)_[cose sin@](vl)
vy) = sinffvy) +cosOlvz) Vi)

u 2sin0 cosO|\v,

Pure v, Pure v, Pure Vv,
ac
% 7 N\ L N\ -
il }H N T~/ L TX
A] \ Va4 \_Z \ Vi 4 \
Vi
[;%" H«IMW ° Time’ t
Pontecorvo, 1968

7\ oscillation = energy and
P, =sin’20 sin2(1 27Am” E)

baseline- dependent effect



Borexino

Neutrino Flux

; SuperkK, SNO
1 3
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1012 -
3 Behcall—
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10w 3
10 |
!' +10%
i0* r e
107 r
10 ,-
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lo. /
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101 L | e
0.1 0.3 1 3 10

Neutrino Energy (MeV)

vacuum-matter transition in solar

neutrino oscillation

Karsten Heeger, Univ. of Wisconsin

NUSS, July 10, 20
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Reactor Antineutrinos in Japan

Japanese Reactors Reactor Antineutrinos

Kashiwazaki

o 1+ 2 3 4 5 6 7 8 9 10
Energy (MeV)

235(J:238J:239Pu:241Pu = 0.570: 0.078: 0.0295: 0.057
~ 200 MeV per fission

~ 6 Vv, per fission

~2x100v_/GW, -sec

Japan

Kamioka
reactor v flux ~ 6 x 106/cm2/sec

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



KamLAND Antineutrino Detector

RN - .. ~ E, + E, + 0.8MeV.

through inverse B-decay liquid scintillator target:
- proton rich > 1031 protons
- good light yield




KamLAND 2003:
First Direct Evidence for Reactor v, Disappearance

Lar Reactor Neutrino Physics 1956-2003 PRL 90:021802 (2003)
12 % Observed v, 54 events

No-Oscillation 86.8 + 5.6 events
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KamLAND 2003:
First Direct Evidence for Reactor v, Disappearance
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KamLAND 2003:
First Direct Evidence for Reactor v, Disappearance

Lar Reactor Neutrino Physics 1956-2003 PRL 90:021802 (2003)
12 % Observed v, 54 events

No-Oscillation 86.8 + 5.6 events
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Events / 0.425 MeV

KamLAND 2008: Precision Measurement of Oscillation K

Prompt event energy spectrum for ve
number of events

- o e KamLAND data expected:_ 2179 + 89 (syst)
T ' no oscillation observed: 1609
-'-30: - best-fit osci. bkgd: 276 £23.5
E u‘ccidemal
200} “Clan)’O
r v best-fit Geo ¥V,
| best-fit osci. + BG
130» + best-fit Geo v,
100}
50
- e R t—e- 4 bt 2

% 1

2
s

- B R i
E, (MeV)

Spectral Distortions: A unique signature of neutrino oscillation!

significance of disappearance

significance of distortion: > 50 (with 2.6 MeV threshold): 8.50
best-fit x2/ndf=21/16 (18% C.L.) no-osc x2/ndf=63.9/17



KamLAND 2008: Precision Measurement of Oscillation

L/E Dependence

5 Am? L

—— oscillation P =1 - sinf 20 sin*(——=)

4 E’,
e« Data-BG-GeoV,
- — Expectation based on osci. parameters
Ir + determined by KamLAND
>\‘ -
:-C.;‘ 0.8__ —
,Q -
8 -
S R e
S .
2 L
C% 0.4 +
0.2
O_Illlllllllllllllllllllllllllllllllllllllllll
20 30 40 50 60 70 80 90 100

Ly/E, (km/MeV)
Solar neutrino problem solved! L/E figure demonstrates v oscillation.

1970-1995 first identified by Ray Davis (missing solar ve)
2002-2008 SNO observes neutrino flavor change, finds evidence for neutrino mass
2003-2008 KamLAND demonstrates v oscillation, precision measurement of Am2



_ _ Next - Discovery and
Neutrino Physics at Reactors  ccision measurement

of 0,5

2008 - Precision measurement of
Am122 . Evidence for oscillation

2004 - Evidence for
spectral distortion

2003 - First observation of reactor
antineutrino disappearance

1995 - Nobel Prize to Fred Reines at UC Irvine

1980s & 1990s - Reactor neutrino flux

measurements in U.S. and Europe Past Reactor Experiments

. . Hanford
1956 - First observation Savannah River
ILL, France

of (anti)neutrinos

- : Bugey, France
Rovno, Russia
Goesgen, Switzerland
Krasnoyark, Russia
Palo Verde
Chooz, France



(Cosmerey

Atmospheric Neutrino Studies

Cosmic ray (proton) : 2
S s #. Air nucleus

Earth L down ~ 100 km

Pions
Lup ~ 10,000 km
\\Cosmic ray (proton)
SR vV, TV, =9
Ve T Vg
Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



(Cosmerey

Atmospheric Neutrino Studies

Cosmic ray (proton) : 2
S s #. Air nucleus

Earth L ~ 100 km :
down Pions
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\\Cosmic ray (proton)
T T T T T T
1.4F :
1.2F R = (u/€)oata / (/e )nc
, No osc.
R’ 1.0 emssnsmmmmmmermsmms b e -
0.8r .

0.6 + + + Sub-GeV ]

0.4

T

£ ] S vtV i

)
» & 2
02F N e & U =
v.tV
1 1 ! ] 1 L — g € '€




Super-Kamiokande

Atmospheric Neutrino Studies
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Super-Kamiokande

Atmospheric Neutrino Studies
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Atmospheric Neutrino Flavor Change

.g Multi-G 1-R e-like 150 muiti-G 1-R welike
ool 3 |
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- ; n&& ! - }
2 50 f [ 50 | ,%;ry'"
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evidence for v, disappearance: zenith-angle
dependence

Am2=25x103eV2£0 — atleast 1 mvz0
Mixing angle is quite large (6 ~ 45°)

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Precision Science with Accelerator v
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Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009
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A Decade of Discovery: 1998 - 2008

Accelerator
(K2K)




A Decade of Discovery: 1998 - 2008

Accelerator
(K2K)

_— |
Solar =

T
| ”

j A
! v

Super-K:
atmospheric vy neutrino oscillation

K2K:
accelerator vy, oscillation

SNO:
solar ve flavor transformation

KamLAND:
reactor ve disappearance and
oscillation



A Decade of Discovery: 1998 - 2008

Accelerator
(K2K)

1072
tanZ0

http://hitoshi.berkeley.edu/neutrino

Super-K:
atmospheric vy neutrino oscillation

K2K:
accelerator vy, oscillation

SNO:
solar ve flavor transformation

KamLAND:
reactor ve disappearance and
oscillation



Experimental Indications for Neutrino Oscillations

Atmospheric Neutrinos Solar Neutrinos
L=15- 15,000 km L =108 km
E =300 - 2000 MeV E =0.3t0 3 MeV
V= Vy V., =V,

Sun
Earih

b ~10%Kiamedars

Am2 =~5x 105 eV?2

air molecules

vy, ~66%
v, N:)):);I,‘};.

Am2 =~ 3 x 103 eV2



Experimental Indications for Neutrino Oscillations

LSND Experiment
L =30m
E =~40 MeV

vV,— v,

800 MeV proton beam from
LANSCE accelerator

‘ Water target

Qer beamstop
Y LA

*h M LSND Detector

Am2 =0.3to 3 eV2

Atmospheric Neutrinos

rvu_’ V.

Solar Neutrinos
L =108 km
E=0.31t03 MeV

L=15-15,000 km
E =300 - 2000 MeV

vV, 9V,

Cosmic Rays
p- He, etc.

Sun
Earih

b ~10%Kiamedars

Am2 =~5x 105 eV2

air molecules

v, ’\-/)) Y /C

vy ~66%

Am2 =~ 3 x 103 eV2



LSND Experiment

800 MeV proton beam from
LANSCE accelerator

Water target

Wer beamstop

Oscillations? — 'V,

LSND took data from 1993-98
- 49,000 Coulombs of protons

-L =30m and 20 < E < 53 MeV

LSND Detector

17.5
15 B2 pE,—Ven

® Beam Excess

=2 pW.€e')n
FEEE other

Beam Excess

12.5

04 06 038 1 1.2 1.4
L/E, (meters/MeV)

Saw an excess of:
87.9 +22.4 + 6.0 events.

With an oscillation probability of
(0.264 + 0.067 + 0.045)%.

3.8 o evidence for oscillation.

Karsten Heeger, Univ. of Wisconsin

NUSS, July 10, 2009



Other oscillations? Sterile Neutrinos?
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Other oscillations? Sterile Neutrinos?
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J e od ® MiniBooNE data

;—) -+ expected background
: ... BG + best-fit oscillation
— v, background

* — v, background

MiniBoone

N
o

i

N
o

- 1 GeV neutrinos
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- operating since 2003
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Historical Lessons

- how did we make the discoveries?



Historical Lessons

- how did we make the discoveries?

#1 persistence

#2 data “anomalies”, the unforeseen

#3 theorists aren’t (always) right

#4 unique, model-independent measurements

#5 big steps vs incremental improvements

#6 and a little bit of luck ... in detecting a supernova



37Ar production rate (Atoms/day)

#1 persistence

(1 FWHM Results)

R Seremeureis Sy P P A . A ———— 8
4

[ SSM 7

1.2 . Ul 1
) I | j 6

1.0 ; I s
bl (e 5
o muil | LB

| ‘ I8
0.4 | ’ I l : I‘.;;ll ([ ll 1| |I | 2

°2 Davis’ experiment only sensitive to v,
;

| 'd tT ' lt+ 1

ool ' 1IN LI 1 |o
1970 1975 1980 1985 1990 1995
Year
. SuperK, SNO
Gallium Chlorine ——upers, 50
10" :
2 Bahcall-i‘luonmnlt éooo
on //m 1%
10w r
; 10°* !' £10%
B o SALX +1.5%
o [ "Be "Be pep
E 107 r
"3 +20%
3 10'[ B -16%
= 10ty ]
104 [ ‘/
0% r
o
10! 1 / 1 1
0.1 03 1 3 10

Neutrino Energy (MeV)

SNU

Karsten Heeger, Univ. of Wisconsin

NUSS, July 10, 2009



#2 “anomalies”

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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1.4

Total Rates: Standard Model vs. Experiment

#2 “anomal ies” Bahcall-Pinsonneault 2000
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#3 theorists aren’t (always) right ...

quark mixing

Vua =0.975 V;;=0.211 V3, =0.005
Vea=0.211 V::=0.974 V=004
Vi=0.005 V,;=0.041 V3 =0.999

Veru =

neutrino mixing
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#3 theorists aren’t (always) right ...

“Oscillation mixing angles must be small
like the quark mixing angles”

“Atmospheric neutrino anomaly must be
other physics or experimental problem
because it needs such a large mixing angle

7

“Natural scale for Am2 ~ 10 — 100 eV?

since needed to explain dark matter”

“LSND result doesn'’t fit in so must not
be an oscillation signal”

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



#3 theorists aren’t (always) right ...

“Oscillation mixing angles must be small

_ - Wrong
like the quark mixing angles”
“Atmospheric neutrino anomaly must be W
ron
other physics or experimental problem J
because it needs such a large mixing angle”
Wron
“Natural scale for Am2 ~ 10 — 100 eV? J
since needed to explain dark matter”
‘LSND result doesn't fit in so must not 000

be an oscillation signal”

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



a pure v, source

Charged-Current (CC)

V+d — e +p+p

Neutral-Current (NC)

v, +d = v +n+p

a v, detector

Charged-Current

| \‘-,
- l....l\ "
Ve S
® —» Cerenkov electron

-~
neutrino deuteron 4 @
@ protons

Neutral-Current

v ’
.»° neutrino
® —— I "
()o@ — (1)~ () +7
. A neutron
neutrino deuteron @ deuteron triton
proton E\{-: 6.25 MeV

* eliminate model-dependent assumptions and interpretation

* physics result independent of Monte Carlo

- any result from SNO would have been interesting: win-win situation!

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



#5 taking big steps

baseline: 1 km 180 km

size: 5 ton 1000 ton
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#6 and a little bit of luck...in detecting a SN

Supernova 1987A Rings
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Kamiokande was ready to seize the opportunity . Koshiba

Karsten Heeger, Univ. of Wisconsin




Future Efforts

- from discoveries to precision studies, picking the best
tools at hand

- what are the future directions of neutrino physics?

- neutrinos in particle/astrophysics



What we know...

Neutrino Mass Splitting

m? m2
A -V, A
-V,
A
2 2
T solar~5x102eV?2 2
. : ==y
atmospheric
~3x103eV?2 _
5 atmospheric
my“ L ~3x10-3eV?
> solar~5x10eV?2 ’
m2 | v -y
?
0 = 0
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What we know...

Neutrino Mass Splitting
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- KamLAND provides most precise value of Amq22 (~2.8%)
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What we know...

Neutrino Mixing Angles
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Open Questions

Questions
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scale?

What is the role of neutrinos
in the Universe?
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Open Questions

Questions

Is there u—t symmetry in
neutrino mixing?

The Tools

reactor & accelerator

experiments Is there leptonic CPV?

What is mass hierarchy?

search for Ov[3f3 #
Do neutrinos have Majorana

i ?
3-decay experiments mass:

_ What is the absolute mass
astrophysics & scale?
cosmology

What is the role of neutrinos
in the Universe?

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009



Neutrino Sources
Neutrinos from the Big Bang ~330 neutrinos per cm3 )
0.5 proton per cm3

0

&  Supernova Neutrinos

_Atmospheric
Newtrinos High Energy Cosmic Neutrinos

Solar Neutrinos




Neutrino Energies

Big-Bang neutrinos ~ 0.0004 eV

Neutrinos from the Sun < 20 MeV
depending of their origin.

Antineutrinos from nuclear
reactors < 10.0 MeV




A World of Neutrino Detectors
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Reactor and Accelerator Experiments

reactor (v, disappearance)
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Reactor and Accelerator Experiments
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Reactor and Accelerator Experiments
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Reactor and Accelerator Experiments

reactor (v, disappearance)
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Reactor and Accelerator Experiments

reactor (v, disappearance)
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- 8in220,, is missing key parameter for any measurement of d.p
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Precision Measurement of Mixing with Reactor v

Search for 6,5 in new oscillation experiment with multiple detectors
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Reactor and Accelerator Experiments

reactor (v, disappearance)
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Accelerator Experiments (NOvVA, T2K etc)

Long Baseline Accelerator Experiments

Fermilab

W,

- Ve @appearance
- long baselines, off-axis
- matter effects

Karsten Heeger, Univ. of Wisconsin NUSS, July 10, 2009
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Future Neutrino Oscillation Experiments

Large Detectors and Long Baselines
- search for CP violation with neutrino beam
- v mass hierachy

- proton decay (1034 yrs— 1035 yrs) — -;\ = (i;: f,«"
- astrophysics N
-atm v, geo v

R&D in US, Europe, and Japan
Ultimate oscillation experiment by 20207

Deep Underground Science
DUSEL and Engineering Laboratory at Homestake, SD

Engineering

\ ; - geographical advantage not
p— ’ other potential world s




India Neutrino Observatory (INO)

A Next-Generation Atmospheric Neutrino Experiment
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Search for Ovff

The Next Frontier in Neutrino Physics

a) 2v BB b) Ov B

Arbitrary units

% 500 1000 1500 2000 2500
Two electrons sum energy (keV)

search for Ovfp is the only
feasible method we know to
establish the Majorana
nature of neutrinos!

2v mode: conventional 2d order  Ov mode: hypothetical process only if
process in nuclear physics M 20 AND v = v

FZV =G2v |M2v 3 FOV =G0v lMOv |

G are phase space factors Gy, ~ Q5
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The Particle Universe
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Neutrinos and the Universe

very early universe | big bang nucleosynthesis | CMB | late time structure formation
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Future Cosmological Constraints on Zm,
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1001 7 aspects of particle physics:
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0.03 eV - all sky equation)
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Model Cosmological probes o(> m,)

11 parameters Planck only 0.48 eV

11 parameters Planck+Wide-1 0.15 eV

11 parameters Planck+Wide-5 0.043 eV

7 parameters  Planck+Wide-1 0.082 eV

7 parameters  Planck+Wide-5 0.037 eV Ref: astr-ph/0603019

Planck + LSST-like lensing survey survey = o(Zm )< 0.05 eV
— probes difference between normal and inverted hierarchy
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Neutrinos and Supernovae

. _ neutrino oscillation effects on
" supernova light-element synthesis
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Interdependencies/Redundancies of Experiments

Need all types of experiments & observations

absolute Majorana |Hierarchy 013 Ocp a’s
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Some Concluding Thoughts

- Last 10 years have been the decade of discovery in

neutrino physics. Neutrino physics has demonstrated
physics beyond the Standard Model.

- Neutrino physics is transitioning from a discovery to a
precision science. Reactor and accelerator experiments will
play a critical role in precision studies (solar and
atmospheric may help).

- A rich program of neutrino experiments is underway to
understand neutrino properties.

- Neutrinos are important in many astrophysical processes,
and astrophysics/cosmology may help us understand the
particle nature of neutrinos



